The infestation of foodstuffs by mites is connected to health risks and economic losses. The cosmopolitan stored-product mite Tyrophagus putrescentiae (Schrank, 1781) is an emerging and predominant pest of dry dog food. In this study, the influences on mite population growth of 1) the different dry dog food kernels present in the package; 2) the integrity of the dry dog food kernel, whether intact or crushed; 3) the initial population density of 10 or 100 specimens; and 4) the four mite strains used were investigated under laboratory conditions. The population growth tests were performed for 28 d at 85% relative humidity and 25 C. The intrinsic growth rates of the mites were compared. The population growth was higher on the brown and green kernels than on the red and white kernels. The kernel integrity affected the population growth, and the integrity effect was highly influenced by the initial mite population density. The mites showed density-dependent growth in three of the four mite strains tested. The initial population density changed the population growth ranking among the mite strains, thereby indicating strain-specific density-dependent growth. The results of this study have important implications for predictive models of stored-product mite populations in dry dog food. One practical recommendation is that the growth of mites should be considered with regard to the mite strains and according to the strain-specific density dependent growth. Next, the integrity of the kernels should be maintained because disrupted or crushed kernels promote increases in mite populations.
Food contaminated with foreign matter, including mites, is unacceptable on an aesthetic basis but also on the basis of general health for the health risks associated with contaminants. Higher population density of any pest in food apparently results in increased health risks. Moreover, the food becomes unwelcome on aesthetic grounds if the level of contamination is obvious (Gorham 1979) . Stored product mites are of sanitary importance because they cause economic losses and health problems in consumers who eat the mite-infested foods and occupational disease in staff working in the grain and food-processing industries (Wraith et al. 1979 , van HageHamsten et al. 1985 , Blainey et al. 1989 , Matsumoto et al. 1996 , Fernandez-Caldas 1997 , Halliday 2003 , Sanchez-Borges et al. 2009 , 2013 . Mite occurrence is also an issue with regard to animal allergies, particularly in dogs (Bensignor and Carlotti 2002 , Saridomichelakis et al. 2008 , Marsella and Saridomichelakis 2010 , Marsella et al. 2012 .
Commercial dry foods can contain mites even before the bag is opened, and dry dog food (DDF) provides suitable habitat for mite reproduction (Nayak 2006 , Brazis et al. 2008 , Gill et al. 2011 , Hibberson and Vogelnest 2014 . For that reason, manufacturers have made significant efforts to prevent pest infestation of the stored pet food. To prevent the mites from entering the packaged food, resilient packages are an important choice . Tyrophagus putrescentiae (Schrank, 1781), which commonly infests DDF, serves as a potential source of exposure to mite allergens for canines with allergies (Nayak 2006 , Brazis et al. 2008 , Saridomichelakis et al. 2008 , Canfield and Wrenn 2010 , Marsella and Saridomichelakis 2010 , Gill et al. 2011 , Marsella et al. 2012 . The high population growth of T. putrescentiae in DDF relative to the fat and protein in the diet has been demonstrated (Erban et al. 2015) . Hence, T. putrescentiae can easily reach high population levels in DDF (Erban et al. 2015) . Therefore, more attention should be paid to understanding the other factors that can influence the level of mite infestation.
In general, mite development is influenced by abiotic and biotic factors (Colloff 2009 , Collins 2012 . Among abiotic factors, moisture and temperature are the major factors that affect or limit mite reproduction, development, and survival (Sanchez-Ramos and Castanera 2001 , Aspaly et al. 2007 , Sanchez-Ramos et al. 2007 ). The biotic factors include nutrient composition, population size, predation, or diseases (Collins 2012) . One of the biotic factors suggested to affect mite occurrence is habitat use on a single species. The growth of mites can differ on similar food sources, i.e., different wheat cultivars (White et al. 2003) . The ability of T. putrescentiae to survive and reproduce on different types of DDF has been investigated; however, no significant differences in mite population numbers among the types of investigated DDF were found (Canfield and Wrenn 2010) . The integrity of the substrate, i.e., seed cracks and crush, is another factor that significantly influences mite feeding and development (Sinha and Wallace 1973, White et al. 2003) . Mite digestive physiology is suggested to vary among mite strains; that is, the activities of some digestive enzymes differed among strains of domestic mites (Bowman 1981) . In addition, mite reproduction and development are affected by strains, which has been observed in laboratory and wild strains of Dermatophagoides mites (Hart et al. 2007 ). Density-dependent growth is the next factor documented to influence the population growth of stored product mites (Sinha and Wallace 1973 , Sinha and Kawamoto 1990 , Pekar and Hubert 2008 , and besides contributing to a larger population size in mites, density-dependent growth can cause intraspecific competition or some forms of negative density dependence, e.g., as demonstrated for Tetranychus urticae Koch, 1836 (Rotem and Agrawal 2003) . Although the aforementioned biotic factors are known to influence the population growth of mites (Sinha and Wallace 1973 , Sinha and Kawamoto 1990 , Collins 2012 ), they have not been studied in detail yet. In particular, however, there is lack of influence of these factors for T. putrescentiae when DDF is the food source.
In this study, we investigated T. putrescentiae to determine 1) whether the population growth varied on four different kernels in one packaged DDF; 2) the influence of the DDF kernel integrity, whether intact or crushed, combined to initial population density of 10 or 100 individuals on population growth of mite laboratory strain; 3) if differences existed in the population growth of four different T. putrescentiae strains fed a laboratory house dust mite-type rearing diet or crushed DDF; and 4) the influence of the initial population density on population growth between the four mite strains. The results have practical applications for predicting population levels of T. putrescentiae. The ability of mites to use DDF and the danger that comes from increased population growth are discussed.
Materials and Methods

Experimental Mites and Diets
Four T. putrescentiae populations of different locations and original food resources were used in the study (Table 1 ). The mites were maintained in long-term laboratory colonies at the Crop Research Institute, Prague, Czechia. The laboratory colonies of T. putrescentiae are normally reared on a wheat-derived diet (Erban and Hubert 2008) . However, before the experiment began, the mites were removed from the wheat-derived diet and allowed to breed on house dust mite-type rearing diet or DDF. These mites were then considered to be nutritionally adapted to the experimental diet and were used in the experiment. The experimental diets used were as follows: 1) intact dry dog food kernels (DDFi) ( Figure 1) ; 2) dry dog food diet, prepared by crushing brown kernels (DDFd); and 3) laboratory-rearing, house dust mite-type diet (HDMd). DDF Friskies Junior Life Plus Nutrition (Nestle Purina, Buk, Hungary) purchased in the Czech pet trade was used in the study; the declared food quality characteristics by key nutrients were crude protein 28.0% and fat 14.5%. To ascertain proportions of the four different kernels (brown, red, white, and green) in the package, the kernels were counted. The HDMd was prepared using DDF (Ontario-pet; Placek, Podebrady, Czechia), wheat germ, dried fish food (LonBio; Aqua Tropic; Lonsky, Praha, Czechia), Pangamin-dried yeast extract (Rapeto, Bezdruzice, Czechia), and gelatin (Serva Electrophoresis, Heidelberg, Germany) at a ratio of 10:10:3:2:1 w/w. The HDMd was mill-powdered (ZM200; Retsch, Haan, Germany), sieved (500-mm mesh). The powdered diet was heated (pasteurization) to 70 C for 0.5 h (Erban and Hubert 2008) . The mites were cultivated on a 25-cm 2 surface area in 70-ml IWAKI tissue culture flasks (Cat No.
3100-025; Sterilin, Newport, UK). Constant humidity was maintained at 85% relative humidity (RH) with saturated KCl solutions in Secador desiccator cabinets (Bel-Art Products, Pequannock, NJ), and the air-conditioned room was maintained at 25 6 1 C.
Experimental Design
The experiments for the different variables, such as different kernel within package, kernel integrity, initial mite population density, and T. putrescentiae strain, were conducted. The experiment was begun by placing 10 or 100 adult mite individuals of good condition and similar size along with one DDFi kernel, 40 mg of DDFd, or 20 mg HDMd (the volume of DDFd was equal to HDMd). For each experiment, tests were conducted at the same time, and adult mites of the same size and good fitness were used. The flasks with the diets and mites were incubated in the dark for 28 d in the desiccator cabinets at 85% RH and a temperature of 25 6 1 C. The experiment was terminated with the addition of 10 ml of 80% ethanol to the flasks. The mites were counted with a STEMI 2000C dissection microscope (Carl Zeiss, Jena, Germany). Experiment 1 tested whether the population growth of the Laboratory-CZ strain differed on the four different kernels of DDFi kernels in the package. Only intact undamaged kernels were used, and six replicates were performed for each of the four kernels. According to the results of Experiment 1, we selected the "brown" DDF kernel for testing in the other experiments.
Experiment 2 tested the influence of DDF integrity and the effect of the initial population density of mites on the population growth of the Laboratory-CZ strain. The test was performed with DDFi and DDFd, both brown kernel. The biotest began by placing 1) 10 or 100 individuals of the Laboratory-CZ strain mites into a flask The values in the year column indicate the date from which the colony has been maintained in the Crop Research Institute, Prague, Czechia.
containing 2) one DDFi or DDFd. The experiment was usually conducted in 12 replicates. Experiment 3 tested whether the population growth of the four strains of T. putrescentiae was different between HDMd and DDFd. The biotest began by placing 10 mites into the flasks with crushed brown DDFd or HDMd. Twenty-four replicates were used for each test.
Experiment 4 tested whether the population growth of the four different strains of T. putrescentiae is influenced by the initial mite count of 10 or 100 specimens. The test diet was HDMd, and the experiment was conducted in 24 and 12 replicates for the initial density of 10 and 100 of mites, respectively.
Data Analyses
The final population (N t ) was known. Because in one experiment we compared the two different initial population densities of mites, we calculated an intrinsic growth rate (r) from the exponential model of population growth N t ¼ N 0 exp rt , when N 0 was 10 or 100 specimens and t was 28 days (McCallum 2000) . The data had normal distribution, and then, an analysis of variance (ANOVA) with Tukey's honestly significant difference (HSD) test was used. The analyses were performed using XLSTAT 2015 (Addinsoft, New York, NY).
Results
Experiment 1
The intrinsic growth rate was significantly (F (3,20) ¼ 10; P < 0.001) influenced by the different kernels in the DDF package. The population growth of mites was higher on the green and brown kernels than on the white and red kernels by a variation factor between 1.3 and 1.5. Comparisons of mite counts and the statistical details are shown in Table 2 . The DDF package had four differently colored kernels (Figure 1 A-D) , and the composition of the package as counted piece-by-piece was brown (70%) kernel, followed by white (12%), red (9%), and green (9%) kernels. Figure 1 (E-G) shows the DDF kernel in initial stage of mite infestation and demonstrates the gradual disintegration of the kernel. The mites spread the digested/ degraded DDF around.
Experiment 2
The mite intrinsic growth rate depended significantly (F (3,48) ¼ 332, P < 0.001) on both the DDF integrity (F (1,48) ¼ 44, P < 0.001) and the initial population density (F (1,48) ¼ 492, P < 0.001), and the interaction of both factors was significant (F (1,48) ¼ 234, P < 0.001). The DDFd was more suitable for population growth than the DDFi after initial population density of 100 mites. The lower intrinsic growth rate was found after an initial density of 100 individuals, rather than after 10; however, the test performed from 10 individuals showed a similar intrinsic growth rate on the crushed and intact DDF.
The estimated mite count of an initial density of 100 mites on DDFd was 2.6-fold higher than on the DDFi, whereas after an initial density of 10 mites, the final mite count was 1.1-fold higher on the DDFi than on the DDFd. The final mite count on the DDFd after an initial density of 100 mites was 7.9-fold higher than after 10. Finally, the mite count on the DDFi was 2.7-fold higher after an initial density of 100 mites than after 10. Comparisons of mite counts and the statistical details are shown in Table 3 .
Experiment 3
The intrinsic growth rate was significantly influenced (F (7,184) ¼ 54, P < 0.001) by the type of diet (F (3,184) ¼ 76, P < 0.001) and the T. putrescentiae strain (F (3,184) ¼ 96, P < 0.001), and the interaction of these factors was significant (F (3,184) ¼ 5, P ¼ 0.002). The DDFd was a more suitable diet for population growth than the HDMd for all four strains. The strains had different intrinsic growth rates, which increased on both the DDFd and HDMd in the following order: from the Commercial-NL, Field-USA, Field-CZ to the Laboratory-CZ population; however, only the Field-CZ strain had a similar intrinsic growth rate on both diets.
The final mite count was higher on the DDFd than on HDMd for all four T. putrescentiae strains. Both DDFd and HDMd had the same order in population growth, which was highest on the Laboratory-CZ strain, followed by the Field-CZ and Field-USA, and with lowest population growth on the Commercial-NL strain. The highest difference (1.6-fold population growth) was on the DDFd between the Laboratory-CZ and Commercial-NL strains. In the case of HDMd, the highest difference in population growth was also between the Laboratory-CZ and Commercial-NL strains by a factor of 2.2. The proportions between the DDFd and HDMd in strains were 1.23-fold higher in the Laboratory-CZ, 1.19-fold higher in the Field-CZ, 1.67-fold higher in the Commercial-NL and 1.26-fold higher in the Field-USA strain. Comparisons of mite counts and the statistical details are shown in Table 4 .
Experiment 4
The intrinsic growth rate was significantly (F (7,136) ¼ 34, P < 0.001) influenced by the initial population density (F (1,136) ¼ 71, P < 0.001) and the strain of mites (F (3,136) ¼ 28, P < 0.001) and their interaction (F (3,136) ¼ 21, P < 0.001). Similarly as in Experiment 2, the intrinsic growth rate of the Laboratory-CZ strain was higher after an initial density of 10, rather than 100 individuals, and similar results were observed for the Field-CZ. In contrast, the Field-USA showed a higher intrinsic growth rate with an initial density of 100 individuals, rather than with 10 individuals, and the Commercial-NL and Field-CZ had similar intrinsic grow rates for both initial mite counts The data are expressed as the means 6 standard deviations. The difference in Tukey's post hoc comparison is indicated by the letters A-B. tested. The initial population density of mites showed a significant effect on the intrinsic growth rate, except for the Commercial-NL strain, which did not show density-dependent growth.
The initial population density changed the order of the population growth, which after the addition of 10 specimens, exhibited the following decreasing order: Laboratory-CZ, Field-CZ, Field-USA, and Commercial-NL. After an initial mite count of 100, the order was as follows: Field-USA, Field-CZ, Laboratory-CZ, and Commercial-NL. The proportions between the final population after an initial population density between 100 and 10 specimens in each strain were as follows: 6.3-fold higher in Laboratory-CZ, 8.8-fold higher in Field-CZ, 10.6-fold higher in Commercial-NL, and 14.0-fold higher in the Field-USA strain. Comparisons of mite counts and the statistical details are shown in Table 5 .
Discussion
Results of this study supported the high pest potential of T. putrescentiae to infest the DDF (Nayak 2006 , Brazis et al. 2008 , Canfield and Wrenn 2010 , Gill et al. 2011 ) and confirmed that T. putrescentiae is able to rapidly reproduce in DDF (Erban et al. 2015) . This potential is highlighted by all four strains tested showing higher growth on the DDFd than on the suboptimal laboratory-designed HDMd that is enriched for protein from dried fish food, dry yeasts, fat and protein from DDF, and wheat germ (for the details of HDMd composition, see the materials and methods). The results have important implications for predictive models of synanthropic acaridid mite populations in their natural habitat and will allow models to project the different adaptations of the mites, whether biotic or abiotic, onto the evolution of the strains. The practical recommendation is that the growth of mites should be considered according to the mite strain, and the strain-specific densitydependent growth. The integrity of the DDF kernels should be maintained because disrupted or crushed kernels promote mite population increases. Finally, the factor that influences the population growth of mites in the DDF is the different ingredient composition of the kernels.
Using experimental DDF, we demonstrated in Experiment 1 that mite population growth can differ among the kernel types in a package. This result is different from the previous finding of Canfield and Wrenn (2010) , who found no significant differences in mite counts among the three different DDF tested (Canfield and Wrenn 2010) . The significant increase in population growth on the green and brown kernels compared with the white and red kernels indicated that these kernels were more favorable for T. putrescentiae population growth. Because the major portion of the package was brown (70%) kernels than red (9%), green (9%), or white (12%) kernels, the brown kernels should have the most significant influence on the mite population growth after infestation the package tested. However, the putative average population growth in the package can influence feeding choice of differently palatable kernels for mites. The feeding choice can be a subject for future study. The explanation for the differences in population growth on the kernel types is the different ingredient composition of the four kernels. Because the kernels were differently colored, the presence of artificial dyes that are commonly used in dry foods for dogs (Thompson 2008) can appropriately be considered as a factor. According to the statement of the manufacturer, the color does not affect the palatability or nutrition of the product. Moreover, all colorings used in pet foods were approved for use by the Food and Drug Administration and are added at very low levels. Thus, the influence of artificial dyes on mite reproduction is of low probability. The negligible effect of the artificial dyes on the population growth of T. putrescentiae is in agreement with the results, which show that the white kernels were not more suitable for growth. Thus, the nutritional composition of the food kernels or the addition of some other additives more likely influenced the reproduction of T. putrescentiae via altered nutritional supply or physiology.
Another question addressed in this study was whether the mite population growth was favored more by crushed or intact DDF in combination with a different initial population density as the second factor. DDF is typically made via the process of extrusion. Extrusion is a rapid cooking process that uses a combination of heat, pressure, and steam to quickly cook the ingredients, sterilize the product, and form a structure from the ingredients via expansion (like bread rising), creating a final product ready to be dried and coated (Thompson 2008) . White et al. (2003) reported that T. putrescentiae, together with Acarus siro Linnaeus, 1758, is the mite species (of those tested) that takes the best advantage of damaged cereals, where nutrients are readily available, resulting in higher population Table 4 . Results of Experiment 3: the influence of mite strain on population growth on crushed dry dog food (DDFd) and laboratory house dust mite diet (HDMd) after an initial population density of 10 individuals The data are expressed as the means 6 standard deviations. The difference in Tukey's post hoc comparison is indicated by the letters A-F. Table 5 . Results of Experiment 4: the influence of the initial population density (10 or 100) on population growth between the four mite strains on the laboratory house dust mite diet (HDMd). growth (White et al. 2003) . Those results are consistent with Luxton's (1972) suggestion of the need to expose digestible surfaces of substrate for macrophytophagous mites (Luxton 1972) . A similar need is known to exist for external stored-grain beetle pests because the presence of cracked kernels often increases the production of beetle progeny (Athanassiou et al. 2010) . Therefore, the ascertained increase (2.6-fold higher) in the population growth of mites on crushed kernels over the growth on the intact kernels after the initial population density of 100 mites was not so surprising. In contrast, and more interestingly, the population growth after an initial density of 10 individuals showed an intrinsic growth rate that did not significantly differ between the intact and crushed DDF. Hence, the integrity of kernel matters only when high initial infestations (100 mites) happen, but not low (10 mites). The results from Experiment 2 for the Laboratory-CZ strain clearly illustrate the density-dependent growth (Sinha and Wallace 1973 , Sinha and Kawamoto 1990 , Pekar and Hubert 2008 ) that was also influenced by the integrity of the substrate.
In addition to Experiment 2, which included only the Laboratory-CZ strain, density-dependent growth was investigated in Experiment 4, where this factor was tested among the four strains of T. putrescentiae on the laboratory HDMd diet. On one hand, the results showed that the intrinsic growth rate of the Laboratory-CZ strain was higher after an initial density of 10, rather than 100 individuals, thereby confirming the density-dependent growth of this strain on the DDFd in Experiment 2. Although the trend in the density-dependent growth for the Laboratory-CZ strain was similar to that observed for the Field-CZ strain, a difference was observed for the Field-USA strain, which showed higher intrinsic growth rate following the addition of 100 individuals than after the addition of 10 individuals. Furthermore, only the Commercial-NL strain did not experience significant density-dependent growth. These results offer support for the findings from Experiment 2, allowing us to demonstrate that the density-dependent growth is also influenced by the mite strain. Therefore, our results indicate that it cannot be generalized for T. putrescentiae strains that the lower mite numbers at the beginning of infestation results in less competition and higher intrinsic growth rate, as stated in the introduction (Rotem and Agrawal 2003) . This factor accounts for the differences that were projected for population growth in the different biotic and/or abiotic conditions that the mites underwent during evolution in different habitats, whether in natural settings or under long-term laboratory rearing.
The results of Experiment 3 and 4 in combination demonstrate the differences in population growth among the four strains. The growth rates of the strains differed between diets (DDFd or HDMd) and initial population density. A consideration of these results regarding differences in population growth along with the results from previous studies performed on house dust mites indicate some contradictory but interesting conclusions. Colloff (1987a,b) showed that eggs from the field populations of the house dust mite Dermatophagoides pteronyssinus (Trouessart, 1897) differed from eggs from laboratory populations with respect to their developmental time, mortality, and water loss. Colloff suggested that eggs of field mites survive better and develop faster than those of laboratory mites when reared in cool, dry conditions, whereas in warm, humid conditions, the reverse was true (Colloff 1987a,b) . Later, Hart et al. (2007) compared a D. pteronyssinus field strain with a laboratory strain using a diet consisting of skin and dust or a laboratory diet consisting of dried liver and yeast. Under constant conditions of 25 C and 75% RH, the fecundity and rate of reproduction were higher in laboratory mite cultures on both diets than in field mites. At low RH (64%), fecundity was significantly lower for both strains on both diets (Hart et al. 2007 ). Therefore, whereas Colloff (1987a,b) reported faster development of field mites than laboratory mites of D. pteronyssinus, Hart et al. (2007) reported the opposite for the same species. In the current study, Laboratory-CZ and Commercial-NL are considered laboratory strains of T. putrescentiae, whereas Field-CZ and Field-USA are considered the wild strains. We have demonstrated that there are large differences between all four strains of T. putrescentiae tested, and it was not possible to group them to laboratory and field based on ranking in intrinsic growth rates. Principally, the reproduction between the strains was highly influenced by the initial population density; that is, the intrinsic growth rate of the Laboratory-CZ strain was highest after the introduction of 10 mites, whereas, after the introduction of 100 mites, the Field-CZ and Field-USA strains reproduced more rapidly than the Laboratory-CZ strain. In summary, these results have important implications for testing the prediction of populationgrowth parameters because population growth can significantly differ between the laboratory and wild strains and within these groups as well. Moreover, the prediction of population growth between the strains is also density-dependent; that is, with different initial mite densities, the strains reproduce differently. The results of this study were obtained under laboratory conditions at constant RH 85% and temperature 25 C. To simulate the reproduction in unopened bags, testing the population growth at lower RH appears to be more appropriate. However, the mites may initiate hot spots characterized by increased local moisture and temperature (Sinha 1961 , Wallace and Sinha 1962 , Sinha and Wallace 1966 . Thus, the development of hot spots in unopened bags infested by T. putrescentiae can be analyzed in future studies. Also, measuring population growth of the different T. putrescentiae strains at different RH might offer interesting information about adaptation of mite populations to this factor.
